Transposable elements support genome diversification, but comparison of their proliferation and genomic distribution within and among species is necessary to characterize their role in evolution. Such inferences are challenging because of potential bias with incomplete sampling of repetitive genome regions. Here, using the assembled genome as well as genome skimming datasets in Arabis alpina, we assessed the limits of current approaches inferring the biology of transposable elements. Long terminal repeat retrotransposons (LTR-RTs) identified in the assembled genome were classified into monophyletic lineages (here called tribes), including families of similar copies in Arabis along with elements from related Brassicaceae. Inference of their dynamics using divergence of LTRs in full-length copies and mismatch distribution of genetic variation among all copies congruently highlighted recent transposition bursts, although ancient proliferation events were apparent only with mismatch distribution. Similar inferences of LTR-RT dynamics based on random sequences from genome skimming were highly correlated with assembly-based estimates, supporting accurate analyses from shallow sequencing. Proportions of LTR-RT copies next to genes from both assembled genomes and genome skimming were congruent, pointing to tribes being over-or under-represented in the vicinity of genes. Finally, genome skimming at low coverage revealed accurate inferences of LTR-RT dynamics and distribution, although only the most abundant families appeared robustly analysed at 0.1X. Examining the pitfalls and benefits of approaches relying on different genomic resources, we highlight that random sequencing reads represent adequate data suitably complementing biased samples of LTR-RT copies retrieved from assembled genomes towards comprehensive surveys of the biology of transposable elements.
INTRODUCTION
Sequencing projects already described a large diversity of genome architectures (Lynch, 2007; Koonin, 2009) . In addition to the sum of functional genes maintained in the longterm by selection (Stencel and Crespi, 2013) , genomes are usually cluttered with sequences showing conflicting interests (Kazazian, 2004; Burt and Trivers, 2009 ). In particular, transposable elements are DNA fragments (from a few dozens of bp to 25 kb) that self-replicate and move within genomes, and that have generally been appraised as selfish parasites filling genomes with 'junk DNA' (Doolittle and Sapienza, 1980; Orgel and Crick, 1980) . Their functional and evolutionary impacts however remain debated today (e.g. Kidwell and Lisch, 2001; Biemont and Vieira, 2006; Doolittle, 2013) . Robust tools assessing genome changes associated with the life cycle of transposable elements (e.g. chromosomal rearrangements, interactions with coding sequences) must indeed be further developed to fruitfully address such controversies.
Hierarchies of transposable elements
The evolution of transposable elements within and among evolving host genomes supports a hierarchical classification below the traditional Class I elements (i.e. retrotransposons, moving via 'copy and paste' mechanisms using RNA intermediates) versus Class II elements (i.e. DNA transposons, moving via 'cut and paste' mechanisms through DNA intermediates) . For instance, Class I elements are further subdivided into several orders, including the long terminal repeat retrotransposons (LTR-RTs) that are predominant in plants. Two main superfamilies of LTR-RTs (i.e. Gypsy and Copia) are distinguished by the structure of their coding regions (Kumar and Bennetzen, 1999) and in turn include subclades (Wicker and Keller, 2007) . Several such coherent 'evolutionary lineages' sharing members among flowering plants have already been described (e.g. Du et al., 2010; Piedno€ el et al., 2013) .
A large set of studies followed a bottom-up hierarchy and described individual insertions within a given genome (i.e. particular copies at specific chromosomal loci) forming populations of related copies (usually coined as families) and evolving as quasi-species (Casacuberta et al., 1997) . This family level expectedly delimits coherent units to be taken into consideration when analysing the evolutionary genetics of transposable elements, but it is commonly defined by artificially grouping copies sharing at least 80% identity over 80% length of the internal regions and/or the terminal repeats . Despite practical advantages, such a technical definition of families unsatisfactorily supports functional and evolutionary considerations of transposable elements (Wicker, 2012) .
Several LTR-RT families co-exist in a genome and show differential abundance, as well as varying levels of activity over time (e.g. Choulet et al., 2010) . When transpositionally active, LTR-RTs generate a multitude of full-length copies that insert across the genome and then accumulate mutations at the same rate as the flanking regions (Vitte and Panaud, 2005) . Such interspersed copies are particularly prone to unequal and illegitimate recombination as well as further insertion from other transposable elements (Devos et al., 2002; Ma et al., 2004) , supporting a high turnover of repetitive sequences and a decay of full-length copies towards the accumulation of truncated copies with large indels over time (Maumus and Quesneville, 2014b) . Although events such as hybridization (Senerchia et al., 2015) or abiotic stresses (Kalendar et al., 2000; Grandbastien et al., 2005; Cavrak et al., 2014) have been associated with the activation of specific LTR-RT families, very little is known about the factors underlying the balance between transposition and deletion, and thus the architecture of the genome ( Agren and Wright, 2015) . Given that particular lineages of copies within LTR-RT clades vary in their transpositional activity (Choulet et al., 2010; Huang et al., 2012) , but also in their sites of preferential residence within genomes (e.g. Miyao et al., 2003; Tsukahara et al., 2012) , processes driving the diversification of transposable elements among diverging genomes must be further deciphered to identify natural hierarchies promoting biologically meaningful comparisons.
Inferences of the biology of retrotransposons
The predominance of LTR-RTs in plants emphasizes the need of an accurate characterization of transposition bursts and their functional impact to better understand genome evolution (Lynch, 2007) . Several tools are available to build catalogues of repeats such as LTR-RTs (e.g. Steinbiss et al., 2009; Flutre et al., 2011) , but the grouping of copies distinguished by differential dynamics and impact (i.e. often discussed as families) likely promotes biologically relevant comparisons and interpretations (Linquist et al., 2015) . Accordingly, robust inferences of LTR-RT dynamics and functional impacts in host genomes are necessary.
Inference of LTR-RT dynamics is commonly achieved by estimating the divergence of LTRs at each full-length copy over assembled (parts of) genomes (e.g. SanMiguel et al., 1998; Baidouri and Panaud, 2013; Beul e et al., 2015) . Being identical at insertion, independently accumulated mutations at the two LTRs reflect the time elapsed since the copy is inserted in the genome and the distribution of LTR divergence among copies is used to infer (and sometimes date) the proliferation of LTR-RT families (e.g. Baucom et al., 2009; Choulet et al., 2010; Du et al., 2010) . Alternatively, bursts of transposition can be inferred through mismatch distribution of pairwise nucleotide differences among copies (Ungerer et al., 2009; Senerchia et al., 2013) , with unimodal distributions representing molecular signature of expansion (Schneider and Excoffier, 1999) .
The functional impact of inserted copies in host genomes is highly variable (e.g. Lisch, 2013; Rey et al., 2016) . Several studies have demonstrated LTR-RT sequences having disrupted or replaced cis-regulatory regions of a host gene (e.g. Hayashi and Yoshida, 2009; Ito et al., 2011; Butelli et al., 2012) . Furthermore, copies influence local states of DNA methylation, which can affect the expression of nearby genes through spreading (Hollister and Gaut, 2009; Eichten et al., 2012) . The functional impact of LTR-RT copies depends on the specificities of the locus encompassing both LTR-RT and host sequences, and is thus challenging to predict in silico (Rebollo et al., 2012) . Assuming that copies residing next to functional genes are more likely to have a functional impact, proxies based on distance to next genes may be informative, offering at least candidate adaptive loci for further inspection (Huang et al., 2012) .
Available genomic resources and robustness of proxies
High-throughput sequencing technologies currently offer contiguous nucleotide sequences over small portions of the genome (i.e. reads much shorter than e.g. LTR-RTs). Most of the recently sequenced plant genomes are 'drafts' produced from the assembly of short reads and suffering from ambiguous alignment of interspersed repeats with high similarity (Alkan et al., 2010; Claros et al., 2012) .
Sparsely arranged sites capable of distinguishing one repeated copy from another indeed is a major challenge of genome assemblies and leads to either misassembled regions or artificial gaps in complex genomes (Treangen and Salzberg, 2012) . Large portions of 'sequenced' genomes thus likely consist of unassembled transposable elements, making their impact less probable to be assessed. In plants, LTR-RTs have been surveyed in species with large sequencing sketches available (e.g. Wang and Dooner, 2006; Choulet et al., 2010; Bertioli et al., 2016) , but not much is known about possible biases of analyses focused on adequately assembled genome fractions. Alternative approaches include the sequencing of a sample of DNA fragments representing a small but random proportion of the total genomic DNA (commonly referred to as 'genome skimming', Straub et al., 2012; Dodsworth et al., 2015) . Respective strengths and weaknesses of these approaches have not yet been examined in detail.
Here, we use the recent genomic resources released for Arabis alpina as a representative dataset for current surveys of so-called non-model species (Willing et al., 2015) . The genome of one accession, assembled using a variety of sequencing methods, including low coverage genome skimming with 400-500 bp reads from GS FLX 454, here addresses pitfalls and benefits of current methodologies for studying the biology of transposable elements. Useful proxies of LTR-RT dynamics and functional impact are thus examined for possible biases of methods focused on fulllength copies from assembled regions of genomes as compared to approaches based on representative samples of LTR-RT copies. It first shows that mismatch distribution results in similar patterns of LTR-RT dynamics than methods based on LTR divergence, but also enables inclusion of truncated copies and thus older proliferation events. Similarly, inferences based on genome assembly versus skimming at different coverages were highly correlated, despite a tendency for the former to emphasize on recent bursts of proliferation. The necessity of unbiased assessments of LTR-RT biology is further illustrated by possible interactions between genes and copies of both anciently and recently active LTR-RT lineages. Accordingly, guidelines promoting comprehensive surveys of transposable elements are discussed in the light of identified biases with current datasets.
RESULTS

Classification of LTR-RTs in Arabis alpina
Mining of LTR-RTs in the genome of A. alpina with LTRHARVEST resulted in 6205 full-length copies (42 Mb, 11.29% of genome). Clustering of the LTR sequences based on a minimum of 80% similarity grouped 2783 copies into 697 families containing more than two copies. Following Baidouri and Panaud (2013) , singletons likely are misassembled loci such as artifactual chimeric structures or errors during the mining of LTR-RTs by LTRharvest and were removed from further analyses to avoid false positives. Out of 448 families assigned to superfamilies (331 Gypsy and 117 Copia), the RT domain was annotated in 382 families for a total of 1817 full-length copies (20.40 Mb, 5.48% of genome).
Representatives of those LTR-RT families in A. alpina (275 Gypsy and 107 Copia) were aligned with LTR-RTs from Brassicaceae and phylogenetically classified using the maximum likelihood (ML) tree presented in Figure 1 . Among the major 'evolutionary lineages', five clades of Gypsy (i.e. all except Galadriel and Ogre) and six clades of Copia (i.e. all except Tos17) were detected in A. alpina (Figure S1 ). To integrate the variable taxonomic schemes used so far, clade names were here assigned using protein domain search against Brassicaceae LTR-RTs (Table S1) . However, inclusive studies should further promote a firm hierarchical framework of LTR-RT diversity.
Several full-length copies indicative of recent bursts of proliferation in A. alpina were apparent in Tat (613 copies), Tekay/Del (429 copies) as well as Athila (324 copies) clades of Gypsy and in Tont1 (96 copies) and Tnt1 (80 copies) clades of Copia. Within those clades, 15 monophyletic groups of Gypsy and 19 of Copia were sharing copies among Brassicaceae species, and were defined as 'tribes' of families (Figure 1 ). Full-length copies of two major tribes (ATLANTYS2 and ALYGypsy4) of the Tat clade covered 5.7 Mb (1.5% of genome), followed by tribes of the Tekay/Del clade covering 4.1 Mb (1.1% of genome).
Abundance of LTR-RT tribes
Repeatmasker annotation of the A. alpina genome based on all classified copies accounted for the genomic abundance of the different LTR-RT tribes after filtering out of nested, overlapping and short annotations (Figure 2 ). The distribution of full-length and truncated copies accordingly included a total of 32093 Gypsy and 8203 Copia sequences covering 48.34 Mb (13.00% of genome; Gypsy: 40.64 Mb and Copia: 7.70 Mb). This conservative approach regarding homology between truncated copies and full-length references also limited inclusion of distant fragments considered as nested copies. As expected it highlighted a slightly smaller LTR-RT genome fraction than identified by Willing et al. (2015) (Gypsy: 42.63 Mb and Copia: 18.07 Mb) , but yielded congruent annotations with their sensitive algorithms. The jaccard index comparing overall mapping of copies between the two annotations indeed was 0.269 (Gypsy: 0.28; Copia: 0.13) and supported similar distributions of LTR-RT copies along chromosomes ( Figure S2) . ATGP1, ATLANTYS2, ATHILA4 and ALYGypsy4 appeared as tribes with high numbers of full-length copies in the Arabis genome. Large truncated copies were identified in all tribes, representing at least 39 Mb (10% of the genome), but proportions of full-length versus truncated copies varied considerably among tribes. For instance, ATGP1 and ATLANTYS2 presented similar numbers of full-length copies and very high proportions of truncated copies indicative of ancient proliferation. ATGP1 however showed more truncated copies than ATLANTYS2, which is coherent with older proliferation events. Tribes such as ATLANTYS1 and ALYCopia16 presented few full-length copies and high proportions of truncated copies, supporting ancient proliferation events. In contrast, TA1-2, ATGP4, ALYGypsy1 and ATGP3 were among the abundant tribes with several fulllength and few truncated copies, suggesting relatively recent proliferation events.
LTR-RT dynamics: inferences based on assembled genomes
The dynamics of LTR-RT families was first inferred based on all full-length copies identified in the assembled genome. Modes of the distribution of divergence between the 3 0 and 5 0 LTRs of each full-length copy (LTR divergence) and the distribution of pairwise mismatches between LTRs of the same copies (LTR mismatch) were converted to % identity and yielded qualitatively similar insights, highlighting evidence of recent proliferation for selected tribes. The linear relationship between estimates based on full-length copies was significant (LTR divergence-LTR mismatch: b = 0.14; P < 0.001), indicating that both methods infer congruent LTR-RT dynamics.
Mismatch distribution was thus used to infer LTR-RT dynamics based on samples of copies incorporating fulllength as well as truncated copies from each family (i.e. all copies annotated in the assembled genome; Genome mismatch). To confirm that the inclusion of truncated copies infers ancient LTR-RT proliferation events in addition to the most recent ones, a linear mixed model using tribes as random effects explored the relationship between LTR mismatch and Genome mismatch ( Table 1) . As expected, interaction with the level of truncation of LTR-RT families supported a bias of estimates based on LTR mismatch towards copies with lower divergence. The addition of interaction with proportions of truncated copies (%T) was indeed significant (b = 1.12, P < 0.001) and improved the model (AIC: 1757.67, P < 0.001). The negative correlation supporting a moderation effect (b = À0.90, P < 0.001) indicated that, for each LTR-RT family, higher levels of truncation lowered the relationship between LTR mismatch and Genome mismatch (Table 1) .
As compared to LTR mismatch, Genome mismatch yielded lower but significant correlations with LTR divergence (LTR divergence-Genome mismatch: b = 0.09; P < 0.001). Density distributions of estimates based on Genome mismatch supported more detailed patterns and highlighted divergent peaks indicative of older expansion events for all tribes (Figures 3 and S3 ). The majority of families within ATLANTYS2 and ALYGypsy4 showed similar expansion patterns, but specific families presented evidence of both relatively recent and ancient proliferation events that were only apparent through mismatch distribution. Tribes such as ATHILA6, ATCOPIA20 and ALYCopia45 showed rugged distributions with multiple peaks, each supported by variable numbers of families, that are coherent with independent proliferation bursts from diverse families. Highlighting multiple bursts within tribes, Genome mismatch identified proliferation events that were overlooked by estimates based on LTR divergence. Such a bias was further explored with a linear mixed model assessing the relationship between LTR divergence and Table 1 Linear mixed-effects models for proxies of LTR-RT proliferation events inferred from the assembled genome (left) and genome skimming (right) in Arabis alpina Models using tribes as random effect and regressing the dependent variable (DV) on the independent variable (IV) and the level of truncation as moderator (M), with or without interaction (IV:M), were compared through the Akaike information criterion (AIC). N: number of observations, R 2 : explained variance, P-value: ***P < 0.001, **P < 0.01, *P < 0. Genome mismatch, using interactions with the level of truncation of LTR-RT families and tribes as random effects (Table 1 ). The addition of interaction with proportions of solo LTRs (%S) was significant (b = 0.20, P < 0.001) and improved the model (AIC: 1580.26, P = 0.02) supporting a negative moderation effect (b = À0.17, P < 0.02). For each LTR-RT family, higher levels of truncation thus lowered the relationship between LTR divergence and Genome mismatch (Table 1) , supporting a bias towards expansions of recently inserted copies with the method based on LTR divergence. Taking all families into account and thereby increasing the variance within tribes, only a few tribes showed significantly younger proliferation than the weighted mean of all tribes when inferred using LTR divergence. Most of them (e.g. ATGP4, TA1-2, ATCOPIA8) turned to be non-significant when investigated with additional information from truncated copies and Genome mismatch highlighted a larger range of young and old proliferation events within tribes (Table 2) . Consistent with identified biases using methods based on LTR divergence, this supports Genome mismatch as credible inferential tool offering complementary insights.
LTR-RT dynamics: inferences based on assembled genomes versus genome skimming
Inferences of LTR-RT dynamics for each family based on genome skimming (i.e. Skimming mismatch 3X with all reads corresponding to the 500-bp ends of copies) were congruent with the distribution of pairwise differences among copies identified in the assembled genome (i.e. Genome mismatch). A linear mixed model with tribes as random effects indeed revealed a strong correlation between estimates of proliferation based on Genome mismatch and Skimming mismatch 3X (b = 0.42, P < 0.001). Inclusion of interactions with proportions of truncated copies further improved the model (AIC: 1663.41, P < 0.01) and highlighted a negative correlation indicative of a moderation effect (b = À1.14, P = 0.001). Thus, for each LTR-RT family, higher levels of truncation lowered the relationship between Genome mismatch and Skimming mismatch 3X (Table 1) .
Mismatch distributions from the assembled genome and the skimming dataset pointed to common biases towards recent insertions with the genome assembly ( Table 2) . Skimming Mismatch 3X indeed highlighted older proliferation events than Genome mismatch for several tribes (e.g. ALYCopia32, ALYGypsy4). However, few tribes (e.g. ATCO-PIA95, ATGP3 and TA1-2) revealed younger proliferation events with Skimming mismatch 3X than with Genome mismatch, suggesting that biases inherent to genome assembly may be tribe-specific to a certain extent.
Proportions of LTR-RT copies next to genes
Proportions of copies residing within 350 bp of genes were inferred from the assembled genome and compared to estimates from the skimming 3X dataset. Linear mixed models with tribes as random effects highlighted high correlations between assembly-based and skimming-based gene proportions (b = 0.34, P < 0.001). As expected for short reads of the skimming 3X dataset, correlations with gene proportions at 2 kbp were not significant. Despite similar estimates, the skimming 3X dataset highlighted lower proportions of copies next to genes than insights from the assembled genome. Addition of interactions with proportions of truncated copies improved the model (AIC: À358.90, P = 0.005; Table 3 ) and highlighted a significantly negative correlation (b = À1.07, P = 0.009). Thus, for each LTR-RT family, higher level of truncation lowered the relationship between assembly-based and skimming 3X proportions of copies next to genes.
Tribes being over-and under-represented next to genes as compared to the weighted mean of all tribes were similar for both the assembly-based and genome skimming data (Table 2 ). Both approaches indeed congruently highlighted several tribes with significantly fewer copies in the vicinity of genes (e.g. ATGP1, ATHILA4 and ATLANTYS2) 
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***P < 0.001, **P < 0.01, *P < 0.05, P Inference of retrotransposon dynamics 985 or significantly higher proportions of copies next to genes (e.g. ATCOPIA8 and ATGP4).
Dynamics and LTR-RT copies next to genes at lower coverage skimming
Proxies of LTR-RT dynamics inferred from genome skimming datasets at 1X, 0.5X, 0.1X coverage were significantly associated with estimates from the dataset at 3X (Table 4) . Similarly, proportions of copies next to genes inferred from genome skimming at 1X, 0.5X, 0.1X coverage were significantly correlated with estimates from the dataset at 3X (Table 4 ). The number of families and tribes analysed with at least 10 sequences however decreased considerably towards lower coverages and inferences of LTR-RT dynamics were achievable for only 27 families belonging to seven tribes at 0.1X coverage. The number of families and tribes analysed for proportions of copies next to genes also decreased, but 0.1X coverage yielded estimates for as much as 102 families from 12 tribes. Inferences of proliferation and copies next to genes at lower coverages were congruent with those at skimming 3X (Table 2) . Despite similar trends for inferences of proliferation at 0.1X, selected tribes revealed discrepant estimates. For proportions of copies next to genes, ALYCopia32 and TA1-2 were non-significantly different than the weighted mean of all tribes at 3X, but appeared significant at 1X and 0.5X.
DISCUSSION
Diversity of LTR-RTs: tribes in Arabis
We classified 1817 full-length LTR-RT copies into 382 families in the genome of Arabis alpina. Clustering and phylogenetic analyses of the conserved RT domain identified 34 monophyletic LTR-RT lineages that were shared among Brassicaceae (i.e. defined here as tribes). For these tribes, all individual full-length copies rather than consensuses were named and used to annotate the genome. Accordingly, the present classification of LTR-RT copies was phylogeny-based, but accounted for the existing variability of non-coding LTR regions to delimit families nested within tribes. This bottom-up approach was favored over the classification of consensuses based on homology with A. thaliana because the later method offers increasingly conflicting evidence with the phylogenetic distance to the reference transposable element (Platt et al., 2016) . Among other advantages, phylogenetic approaches support consistent hierarchies of LTR-RT copies and families into well-supported tribes and thus promote comparative analyses among Brassicaceae (Maumus and Quesneville, 2016) .
Most common clades of both Copia and Gypsy 'evolutionary lineages' were reported in A. alpina, but varied considerably in their number of copies, with Tekay/Del and Tat being the most abundant followed by Athila. This contrasts with the genome of Arabidopsis, where Athila is the most abundant (Marco and Mar ın, 2008; Du et al., 2010) . Dominance of a few clades in A. alpina can result from differential transposition bursts of specific families since divergence with Arabidopsis some 23 MYA (Hohmann et al., 2015) . Further comparative analysis of these LTR-RT tribes in related species looks desirable to shed light on genome evolution in the speciose Arabis genus (Karl and Koch, 2013) .
Methods to infer LTR-RT dynamics
Evidence of LTR-RT proliferation based on LTR divergence depends solely on full-length copies retrieved from assembled sequences and, here, pointed to tribes with similar profiles of recent transposition bursts in A. alpina (Figure 3) . Full-length copies however appear as a biased sample of the LTR-RT populations overlooking the vast majority of more ancient copies cluttered with deletions and insertions (i.e. that are truncated). As compared to approaches limited to full-length LTR-RT copies (e.g. LTR divergence), methods based on mismatch distribution can accommodate truncated copies. Our comparisons of proxies inferred from both methods highlighted comparable insights, indicating that mismatch distribution adequately infers LTR-RT dynamics.
Inferences based on the same dataset (i.e. LTR divergence versus LTR mismatch) supported congruent : explained variance, AIC: Akaike information criterion, P-value: ***P < 0.001, **P < 0.01, *P < 0.05. a Variables were square-rooted to improve normality and homoscedasticity. Models used tribes as random effect and regressed proxies from genome skimming (DV) on the proportions of copies residing within 350 bp of a gene in the assemble genome (IV) as well as the level of truncation (%T) as moderator.
evidence of LTR-RT proliferation, but also highlighted differences between those approaches. Despite their inherent bias towards young full-length copies, divergence of LTR sequences enables tentative estimates of insertion times using a molecular clock based on the genomic mutation rate (SanMiguel et al., 1998; Baidouri and Panaud, 2013) . Assuming the mutation rate estimated in A. thaliana (i.e. 7 9 10 À9 substitutions per site per generation; Ossowski et al., 2010), bursts of LTR-RT proliferation identified through LTR divergence were dated within the last 4 million years in A. alpina (Table S2) . Given the wide margin of error, such approximations of timescales should be interpreted with caution. In contrast, mismatch distribution infers expansion of the LTR-RT family from divergence of quasi-neutral sequences among inserted copies and thus detects deeper coalescence from older proliferation events (Slatkin and Hudson, 1991; Schneider and Excoffier, 1999) . Accordingly, calibration of molecular clocks appears challenging with mismatch distribution as mutations from cycles of reverse transcription should also be considered. This approach is thus unlikely to offer an absolute dating of proliferation events, but accurately highlights the relative timing of transposition bursts from a random sample of copies including ancient truncated ones. Possible benefits of mismatch distribution accommodating for all LTR-RT copies was evident from profiles showing multiple peaks coherent with independent proliferation events of different groups of LTR-RT families at different times. Such multiple bursts of activity are well known in other genomes (e.g. Choulet et al., 2010) , but were here undetected using LTR divergence. Furthermore, correlations between inferences of proliferation based on full-length copies (i.e. LTR divergence and LTR mismatch) and Genome mismatch were best when modulated by the level of truncated copies within a tribe. This is coherent with much lower association of proxies in tribes showing many remnants of ancient proliferation events and stresses that accurate inferences of LTR-RT dynamics should be based on a representative diversity of copies residing within a genome.
Despite advantages for biologically relevant interpretations, approaches accommodating truncated copies critically depend on the sampled LTR-RT copies. Mismatch distribution based on both full-length and truncated copies clearly highlighted older proliferation events than estimates based on full-length copies, but certainly remains insensitive to very ancient transposition bursts as highly degenerated copies were not here included. Besides mismatch distribution, Maumus and Quesneville (2014a) also accommodated full-length and truncated copies using pairwise distances with a consensus sequences to assess LTR-RT proliferation. The present results thus indicate that such approaches improve inferences of LTR-RT dynamics and support mismatch distribution as a valuable tool based on theory in population genetics (Nielsen and Slatkin, 2013) to characterize the evolutionary history of LTR-RTs.
Genomic resources to infer LTR-RT dynamics and copies next to host genes
Another major concern of surveys of LTR-RT biology is that partially assembled genomes neglect repeat-rich regions encompassing a large fraction of the copies of many families (Gebre et al., 2016) . To what extent such a possible bias influences inferences of LTR-RT bursts deserves additional studies, but here signatures of proliferation assessed through mismatch distribution with copies from the assembled genome versus copies from genome skimming (i.e. random sequences at low coverage, here 3X) were similar. Both types of genomic resources provided correlated estimates of proliferation, supporting the use of genome skimming for accurate inferences of LTR-RT dynamics. Furthermore, the proportion of truncated copies affected the correlation between proxies estimated on the assembled genome versus the genome skimming dataset, with lower association in cases of tribes showing older proliferation events. These results are thus consistent with ancient transposition bursts being taken into account when random sets of genome-wide sequences as provided by genome skimming are analysed. Accordingly, genome skimming and mismatch distribution seem to lessen the impact of biases due to repeat misassembly in unfinished genomes and may support future studies. The proportion of LTR-RT copies residing in the vicinity of host genes offers preliminary hints on the impacts of transposable elements on neighboring loci, encompassing transcriptional changes (Feschotte et al., 2002) and epigenetic regulation (Hollister and Gaut, 2009; Fedoroff, 2012) . Possible biases due to incomplete assembly of repeated genome fractions were here examined through the comparison of proportions of LTR-RT copies residing next to functional genes as identified in the assembled genome versus genome skimming at 3X. Assembly-based estimates highlighted a few additional tribes as significantly over-represented and under-represented next to genes as compared to estimates from genome skimming, but proportions of LTR-RT copies next to genes inferred from both approaches were significantly correlated. Both proxies highlighted ATCOPIA20 as under-represented next to genes in A. alpina, which is consistent with available evidence that copies integrate randomly into the related genome of A. thaliana and show preferential localization within centromeres in A. lyrata (Mirouze et al., 2009; Tsukahara et al., 2009) . Despite overall correspondence, the two approaches also yielded discrepancies such as for ALYCopia32 and ATGP3 (appearing significantly overrepresented next to genes based on genome assembly, but not using genome skimming) or ALYCopia74 (significantly over-represented next to genes in the genome skimming dataset, but not in the assembled genome). Such whole-genome observations certainly identify attractive patterns, but detailed validation of underlying loci is necessary before concluding on the accuracy of these proxies.
The proportion of truncated copies significantly affected the strength of the relationship between proportions of LTR-RT copies next to genes estimated from the assembled genome and genome skimming, indicating that a longer history of proliferation lessens the correlation between proxies. Although estimates based on partially assembled genomes may be inaccurate for old tribes with many unassembled copies, a direct impact of the timing of LTR-RT activation should also be considered. Several tribes showing over-representation next to genes in A. alpina (e.g. ATGP4 and ATCOPIA8) indeed appear to have recently proliferated and their copies may simply have not been removed by selection yet (Brookfield, 2005) . Future studies should shed light on the methodological and biological factors affecting our understanding of interactions between LTR-RT copies and neighboring functional genes.
Guidelines for designing genome skimming surveys
Given challenges towards obtaining high-quality genome assemblies, several studies analysed transposable elements using low coverage sequencing (e.g. Pisum sativum 0.008X, Macas et al., 2007 ; banana 0.15X, H ribov a et al., 2010; wild wheat species 0.03X, Senerchia et al., 2013;  buckler mustard 0.1X, Bardil et al., 2015) . Most studies were interested in describing the diversity of transposable elements and used either available reference libraries from relatives or de novo-assembled repeats (DeBarry et al., 2008; Nov ak et al., 2010) . Few studies however addressed the family level, inferred their evolutionary dynamics or assessed the quality of insights.
Here, we evaluated possible biases inherent to shallow sequencing by inferring LTR-RT proliferation and proportions of copies next to genes at increasingly lower coverages (1X, 0.5X and 0.1X). Genome skimming datasets at all coverages yielded highly correlated inferences of LTR-RT proliferation that were further consistent with assemblybased approaches. Proportions of copies next to genes were also strongly correlated among datasets, although few discrepancies suggested that low coverages may distort inferences. Noticeably, the number of families and tribes that can be robustly analysed with large enough sample sizes (i.e. >10 sequences) decreased considerably towards lower coverages. At 0.1X, LTR-RT proliferation was assessed in only 27 families (7.1%) and copies next to genes were quantified in 102 families (26.7%). Although a cut-off at more than 10 sequences should certainly be used for accurate inference of proportions of LTR-RT copies next to genes, low coverage datasets adequately identify molecular signatures of transposition bursts and distributions of copies among the most abundant LTR-RTs. De novo approaches towards the repeat library were not evaluated here, but they are also likely biased towards the most abundant families. With such limitations in mind, genome skimming thus represents a valuable strategy to survey transposable elements.
Towards inferences of the biology of retrotransposons
More than a hundred plant genome sequences is soon available, but only a few of them will have a nearly-complete assembly (Hamilton and Robin Buell, 2012) . Given the typical underrepresentation of repeats in assembled regions as compared to the complete chromosome set, genome surveys face a systematic bias possibly hindering our understanding of the biology of transposable elements and genomes. In this study, we explored alternative approaches towards balanced assessments of LTR-RT proliferations and their functional impact. The Arabis genome being adequately assembled and relatively rich in transposable elements, it offers a representative model of existing resources among plants. Accordingly, methodological pitfalls and benefits highlighted here are likely transferable to new biological systems and should favor a better understanding of diverse non-model genomes awaiting exploration.
First, we have adopted a hierarchical classification of LTR-RTs to promote the analysis of biologically meaningful units of transposable elements. Our approach anchoring LTR-RTs from A. alpina with relatives from Brassicaceae species is a necessary but insufficient first step (Maumus and Quesneville, 2016) . Grouping levels being used here indeed appear artificial. Monophyletic tribes based on phylogeny are natural groups of LTR-RT copies, but encompass lineages that show variable transpositional activity and that should be further delineated, whereas several technically defined families share coherent features and should be further grouped. This study shows that mixed models accounting for phylogenetic relatedness among artificial families supports comparative analyses, but further work is needed before a sound hierarchy of LTR-RTs can be used instead of technical definitions (Wicker, 2012) .
On the other hand, we addressed possible biases of standard approaches assessing the evolutionary dynamics of LTR-RTs and their functional impact. The use of assembled genomes to study transposable elements appears limiting due to the poor resolution of repeated regions and, together with the bias towards young copies of methods inferring dynamics based on LTR divergence, may lead to misleading conclusions. We showed that methods accounting for truncated LTR-RT copies, as here presented using mismatch distribution, may better account for complex dynamics and should be privileged. Although out of scope of the present study, such methods may be further applied towards the analysis of the 'genomic dark matter' (Maumus and Quesneville, 2014b) . Having also demonstrated that raw sequencing reads offer an adequate alternative to investigate LTR-RT dynamics, this study supports inferences from genome skimming to promote accurate surveys of transposable elements and the finishing of assemblies.
Despite current interest in the gene space, some focus on full-length LTR-RT copies enriched next to genes is worth to highlight candidate adaptive loci (Hoen and Bureau, 2015) . We however note that the A. alpina genome presents tribes such as ALYGypsy4 and ALYCopia32 appearing over-represented next to genes despite ancient proliferation and should be further inspected for potential exaptation of chimeric structures (Hoen and Bureau, 2012) . Overall, as stressed by Maumus and Quesneville (2014b) , comparative analyses addressing the underpinning of genome architectures should not be limited to shallow evolutionary times and would benefit from further methodological advances.
EXPERIMENTAL PROCEDURES Data collection
This study is based on publicly available data used to release the Arabis alpina genome (Willing et al., 2015) . The assembled genome V.3 (BioProject no. PRJNA241291) was retrieved from the NCBI website (downloaded on 21 May 2015; http://www.ncbi.nlm. nih.gov). Raw single-ended sequencing reads from Roche 454 were also downloaded from NCBI Sequence Read Archive (SRR1652431) and used as the genome skimming dataset. From a total of 2 647 138 reads, poly-N tails were trimmed and sequences showing low quality, low complexity or showing GC bias were removed. Reads containing simple sequence repeats, mitochondrial and chloroplastic sequences were further identified and removed following Bardil et al. (2015) . After removing exactly duplicated reads, the resulting dataset included 2 386 324 reads representing 1023 Mb (~2.75X of A. alpina genome, i.e. 372 Mb) and is referred to as 'skimming 3X.'
Annotation of LTR-RTs in the assembled genome LTRHARVEST 1.5.7 (Ellinghaus et al., 2008) was used to identify full-length LTR-RT copies in the assembled genome, using the default settings except that TG start and CA end motifs were allowed one mismatch, seed extension was set to 13, length of putative LTRs was set between 300 and 2000 bp and their similarity threshold was set to 80%. Nested and overlapping predictions were identified and removed in two steps: (i) the 'best' argument was used to filter overlaps in LTRHARVEST predictions and remove LTR-RT copies with lower similarity between LTRs, (ii) putative internal regions of candidate copies were masked with all predicted LTR sequences and copies were considered as nested with other insertions when LTR sequences were detected inside the internal region. Among remaining candidate full-length copies, internal coding regions and binding sites were identified using LTRDIGEST (Steinbiss et al., 2009) . Hidden Markov models based on plant LTR-RT protein (downloaded from www.gydb.org; Llorens et al., 2011) were used to annotate coding domains as Gag, Reverse transcriptase (RT), Protease, RNaseH, Integrase, Chromodomain and Envelope. Gypsy and Copia superfamilies were distinguished by the structure of the coding domains.
For these full-length copies, sequences identified as LTR by LTRHARVEST were clustered into families using CD-HIT-EST (Li and Godzik, 2006) . Two copies were included in the same family when their LTR alignment covered at least 80% of the sequence length with an identity of at least 80% Baidouri and Panaud, 2013) .
The assembled Arabis genome was mapped with all full-length LTR-RT copies included in families as well as their LTR sequences using RepeatMasker (version Open-4; Smit et al., 2013) with RM-BLAST as search engine and divergence set to 20%. The resulting annotation, after removal of nests, overlaps, and annotations shorter than 80 bp, was considered as the repertoire of full-length and truncated LTR-RTs in the Arabis genome. We used the BEDTools Jaccard index, defined as the total length of overlap divided by the sum of the lengths of the union of all intervals, to compare this repertoire of LTR-RT copies in A. alpina against the annotation provided by Willing et al. (2015) (obtained on 16/04/2015 from F. Maumus) after similar treatment of nested copies, overlaps and short sequences.
The abundance of LTR-RTs within the Arabis genome was estimated as the number of full-length and truncated copies within a family. Levels of truncation of each LTR-RT was assessed using proportion of truncated copies for each family (%T), estimated by subtracting the full-length LTR-RTs annotations from the overall mapping of LTR-RTs on the assembled genome using BEDTools subtract and proportion of solo LTRs for each family (%S), estimated by subtracting the number of LTRs in full-length copies from the total number of LTRs in the genome.
Classification of full-length LTR-RT copies
Phylogenetic analyses of RT domains assessed the diversity of LTR-RT superfamilies in A. alpina. Within each family, the fulllength copy showing the lowest E-value to a HMM profile was selected as representative and the sequence corresponding to the RT domain flanked by 800 bps on either side was extracted using a custom Python script. Available LTR-RT sequences from Brassicaceae were also downloaded from Repbase (9 July 2015; www.girinst.org/repbase/; Jurka et al., 2005) and similarly treated. These sequences from Arabidopsis thaliana (17 Gypsy and 110 Copia), Arabidopsis lyrata (31 Gypsy and 91 Copia), Brassica rapa (39 Gypsy and 124 Copia) and Eutrema parvulum (9 Gypsy and 21 Copia) were combined with full-length copies from A. alpina.
These RT sequences were aligned using MUSCLE (Edgar, 2004) for Gypsys and Copias separately and alignments were manually curated. Phylogenetic inferences were carried out using RAxML (Stamatakis, 2014) to produce maximum likelihood (ML) trees with 1000 bootstrap replicates, using the GTR+Γ model suggested by jModelTest2. Trees for Gypsy and Copia sequences were rooted using A. thaliana elements from the other superfamily (Wicker and Keller, 2007) .
Large clades of LTR-RT families within the Gypsy (i.e. all Athila, CRM, Galadriel, Ogre, Reina, Tat, Tekay/Del) and Copia (i.e. Angela, Bianca, Hopscotch, SIRE1/Maximus, Tnt1, Tont1, Tos17) trees were identified following H ribov a et al. (2010) and Piedno€ el et al. (2013) . Within those clades, monophyletic LTR-RT lineages containing A. alpina and Brassicaceae families were identified as 'tribes' and named according to the included Arabidopsis or Brassica copy. Full-length LTR-RT copies classified using this hierarchical scheme were used as a library for all analyses based on the assembled genome versus genome skimming datasets.
Inference of LTR-RT dynamics from assembled genome versus genome skimming
The expansion of LTR-RT copies within each family was inferred using two approaches: LTR divergence and mismatch distribution:
(i) The 3 0 and 5 0 LTR sequences of each full-length copy were aligned using MAFFT and the distance between them was estimated using dist.dna() from R package 'ape' and converted into identity.
(ii) LTRs of full-length copies were aligned using SAT e2.2.7
with RAxML as tree estimator, MAFFT as aligner, and MUS-CLE as merger, until the tree/alignment pair with the best ML score was reached. Iteration limit was set to 10, using 'decomposition=longest' and 'return=best' . Proportions of sites differing between pairs of sequences in the alignment were computed with dist.dna() and converted into pairwise identity to assess mismatch distribution on full-length copies. (iii) Genome was repeatmasked with 500 bp at the 3 0 end of the 3 0 LTR of each copy in the full-length library, with divergence set to 20%. After removal of overlaps and annotations less than 300 bp, sequences from each family were iteratively aligned using SAT e2.2.7 as above. Similarly, proportions of sites differing between pairs of sequences in the alignment were computed with dist.dna() and converted into pairwise identity to assess mismatch distribution based on all copies.
Accordingly, inferences based on the assembled genome is hereafter referred to as: (i) 'LTR divergence' when comparing 3 0 and 5 0 LTRs from fulllength copies, (ii) 'LTR mismatch' when using mismatch distribution for LTRs from full-length copies, and (iii) 'Genome mismatch' when using mismatch distribution of all identified copies.
Expansion of LTR-RTs was further estimated using mismatch distribution based on the skimming 3X dataset. Following Senerchia et al. (2013) , portions of reads corresponding to the 500 bp at the 3 0 end of the 3 0 LTR were identified among all reads greater than 300 bps (2 201 276 reads) by BLASTN (80% similarity over 80% read length) against the classified LTR-RT library. Pairwise distances among those sequences representative of individual copies was computed with SAT e based alignment of reads from each LTR-RT family and converted to identity. Thus, inferences based on the skimming 3X dataset with mismatch distribution is referred as 'Skimming mismatch 3X'.
For all these approaches, kernel density estimates were used to infer the proliferation of the LTR-RT families. Density distribution of % identity was calculated for each family with R function density() and the highest mode was used as proxy for the proliferation of a given family.
Inference of LTR-RTs next to genes from assembled genome versus genome skimming
In total, 30 690 nuclear gene models supported by mRNAs (i.e. 21609 putative protein-coding genes and 9081 loci showing frame-shift mutations) were extracted from the A. alpina annotation (Willing et al., 2015) . Along the assembled genome, annotations of LTR sequences from full-length LTR-RT copies were used to extract 350 bp and 2 kb of flanking sequences using BEDTools flank. Flanking sequences corresponding to internal regions of the focal LTR-RT were identified by BLASTN and removed from analyses. Remaining flanking sequences were characterized as in-genes region by BLASTN (e-value: e-10, length of hit ≥80 bp) against the nuclear genes, assessing proportions of LTR-RT copies next to genes. Proportions estimated from both 350 bp and 2 kb flanking sequences are referred to as gene proportions at 'Genome 350 bp' and 'Genome 2 kbp' respectively.
Using the genome skimming dataset, proportions of LTR-RTs next to genes was estimated using BLASTN to detect reads mapping to LTR-RT ends and extending into genes. Sequences corresponding to 100 bp at both borders of 3 0 LTRs were extracted and used to mask the 454 reads using custom Perl script when reaching at least 80% similarity over 80 bp. Masked reads having at least 100 bp of unmasked region were further analysed. Unmasked regions corresponding to internal regions of the focal LTR-RT were first identified by BLASTN and removed from analyses. Remaining reads presenting in-genes regions were characterized by BLASTN (e-value: e-10, length of hit ≥0 bp) against A. alpina gene and used to evaluate proportions of LTR-RT reads next to genes, referred as gene proportions at 'Skimming 3X'.
Inference based on genome skimming at shallower coverage
To generate data subsets for the in silico shallow coverage genome skimming simulation, an in-house R script made random draws from the skimming 3X dataset such that each read has the same probability of being chosen at any stage during the sampling process. Three different sequencing depths were simulated (1X, 0.5X, 0.1X). Sampling was done 10 000 times for each coverage level and each sample was used to re-estimate proliferation events for each LTR-RT family using mismatch distribution as well as proportions of LTR-RT copies next to genes as previously. Variance of estimates over the 10 000 replicates were large when few sequences were included and families with a mean number of sequences lower than 10 were excluded from analyses. The pipeline was automated and parallelized in R.
Statistical analyses
Relationships among previously described variables were tested with mixed effect linear models using the maximum likelihood method in the package 'lme4' (Bates et al., 2015) . Tribes were always included as random effects to account for the shared ancestry of LTR-RT families within a tribe. Tribes showed unequal number of families and were included in regression models as series of categorical variables assigned through weighted effect coding accounting for their deviation from the mean of all LTR-RT families (Darlington, 1990) .
Biases due to variable degradation of LTR-RT families were investigated through linear regression models testing the moderating effect of levels of truncation. (i.e. introduction of the moderator variable affects the relationship between the independent and the dependent variables). Interaction of this proxy (%T or %S, see Annotation of LTR-RT) and the independent variable was included in the regression equation to highlight a moderator effect when significant (Baron and Kenny, 1986) . Models regressing the dependent variable (i) on the independent variable only (model 1), (ii) on both the independent variable and the moderator (model 2) and (iii) on the independent variable, the moderator and the interaction of moderator and independent variable (model 3) were tested. The best model was selected following a stepwise procedure using the Akaike Information Criteria (AIC).
Approaches inferring LTR-RT proliferation events from copies identified in the assembled genome were first compared through correlation of LTR Divergence and Genome mismatch. The impact of available data (i.e. assembled genome versus genome skimming) on inference of LTR-RT proliferation was further evaluated. Proliferation inferences using mismatch distribution on copies in the assembled genome and on copies identified in the skimming 3X dataset were correlated.
The proportion of LTR-RT copies showing genes within windows of 350 bp (i.e. genome at 350 bp) and of 2 kb (i.e. genome at 2 kbp) of the assembled genome were compared to estimates based on skimming 3X.
The impact of coverage in skimming datasets was evaluated with linear models estimating the correlation of ages or gene proportions assessed using the skimming 3X dataset and skimming datasets at 1X, 0.5X or 0.1X.
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